The protein dystrophin is a 427 kDa component of the degeneration seen in DMD. The total calcium content and the resting intracellular free calcium ([Ca 2+ ] i ) of dysmembrane cytoskeleton expressed in muscle cells and neurons.
1 Mutations in the gene for dystrophin that result trophic muscle is higher than normal. 7, 8 Elevated [Ca 2+ ] i is seen in both isolated muscle fibers from mdx mice, an in its absence cause the lethal disease Duchenne muscular dystrophy (DMD), characterized by progressive weakanimal model for DMD which also lacks dystrophin due to a point mutation, 9, 10 as well as cultured Duchenne and ness and muscle wasting, while mutations that result in truncated or less abundant dystrophin cause the milder mdx myotubes. [11] [12] [13] Increased protein degradation follows the raised [Ca 2+ ] i in mdx muscle. 10, 14 A calcium-selective syndrome known as Becker muscular dystrophy (BMD).
2
Dystrophin has sequence homology with ␣-actinin and 'leak' channel that is active at the resting membrane potential has a higher mean open probability (P o ) in dysspectrin and is thought to bind to the actin filaments of the subsarcolemmal cytoskeleton (reviewed in Ref.
3). It trophin-deficient muscle cells 15, 16 and this greater activity correlates with the higher resting [Ca 2+ ] i levels. 12, 17 A role also binds to an oligomeric trans-membrane glycoprotein complex which includes ␣-dystroglycan, the receptor for for this channel in capacitative calcium entry triggered the extracellular matrix components laminin and by the depletion of calcium stores has recently been demagrin.
4-6 Thus, dystrophin may form an important struconstrated. 18 In addition, the leak channel itself may be tural link between the actin-based cytoskeleton and the activated by proteolysis, since culturing mdx myotubes in extracellular matrix.
the presence of the protease inhibitor leupeptin prevents Earlier work from this and other laboratories has sugthe development of the higher leak channel activity and gested that a sustained elevation of the cytosolic resting raised [Ca 2+ ] i of dystrophic cells. 17 Together, these obserfree calcium concentration may lead to the muscle vations suggest that the absence of dystrophin leads to a defect in the regulation of calcium leak channel activity resulting in higher resting intracellular free calcium 20 and direct injection of naked DNA, 21,22 all of which result in some degree of dystrorequire chromosomal integration of introduced genetic material. phin expression in mdx or Duchenne muscle cells. Recently, dystrophin expression has been restored in culIn order to determine the optimal timing for transfection, muscle cell cultures at various stages of differentured mdx myotubes by liposome-mediated transfection of a cDNA plasmid containing the dystrophin gene. 23 tiation were exposed to pRSVLacZ, a cDNA plasmid that contains the bacterial ␤-galactosidase gene driven by the In earlier reports we examined the effect on calcium regulation in dystrophic cells after the restoration of dysRous sarcoma virus promoter. 27 Lipofection with 10 g of DNA was performed on days 1, 3 and 6 after prolifertrophin expression by fusion of cultured mdx and normal rat myoblasts 24 and in mdx mice transgenic for dystroating cells were replated and induced to fuse by switching to low serum medium. Gene expression was assayed phin. 25 We demonstrated that the expression of dystrophin restores normal intracellular free calcium levels and, 5-10 days later by staining with X-gal. A mean of 26% of the myotubes was positive for lacZ expression when cells in the latter case, leak channel regulation. Here, we sought to determine whether liposome-mediated transwere lipofected on the same day as differentiation (day 1). The expression rate declined to means of 10% and 2% fection of a cDNA construct containing the full-length dystrophin gene can correct the calcium defect in origwhen lipofected on days 3 and 6, respectively. By 6 days in culture myotubes have attained maximal size and inally dystrophic muscle cultures. This method of induced gene expression differs from our previous studthere are few uninucleate myocytes remaining in the culture dish. Transfection efficiency was thus inversely cories in that it relies on episomal rather than genomic DNA, which may affect the targeting of the translated protein. 26 related with the degree of fusion into myotubes. We therefore performed transfections of the dystrophin gene on day 1 cultures, and the fraction of dystrophin-positive myotubes exceeded the transfection rate seen in these initial trials with pRSVLacZ, as shown below.
Myotubes derived from mdx mice expressed dystrophin after lipofection of their myoblast precursors with the pRSVDy plasmid, a cDNA plasmid also driven by the Rous sarcoma virus promoter that contains a full-length copy of the gene for dystrophin.
21 Figure 1 shows immunoperoxidase staining of myotubes from normal and mdx mice, as well as mdx myotubes from cultures that were transfected with pRSVDy at day 1 in culture. Myotubes from normal mice exhibited positive immunostaining for dystrophin (a) in contrast to mdx myotubes, which showed no staining (b); (c) shows that myotubes from mdx myoblasts lipofected with pRSVDy showed dystrophin immunoreactivity similar to normals. The myotubes shown in Figure 1c were fixed and stained 8 days after lipofection (day 9 in culture); dystrophin staining similar to that seen in normal myotubes was seen up to 14 days after lipofection, the latest point at which they were stained. The efficiency of transfection varied with the primary cultures resulting from each dissection, possibly due to the variability of the original primary cultures, ] i levels were determined by ratioing microfluorimetry using the acetoxymethyl ester of the calcium-sensitive dye fura-PE3, a fura and similar to the mean P o of channels from normal myotubes (0.016 ± 0.009, Figure 3 ). The mean currentanalog that is compartmentalization resistant. 28 Compartmentalization of fura-2 into intracellular organelles such voltage relationship of the leak channels from dystrophin-positive mdx myotubes was indistinguishable from as the sarcoplasmic reticulum, where the calcium concentration is considerably higher than in the cytoplasm, can that of channels from either untransfected mdx or normal cultures (Figure 4 ). The single channel conductance and obscure the fluorescence of the cytoplasmic dye with irrelevant signal. As previously reported in studies using the extrapolated reversal potential were both similar to previously reported values. 12, 16 fura-2, 12, 13, 16, 17, 24, 25 the resting [Ca 2+ ] i here is significantly higher in mdx myotubes than that in age-matched normal
We have shown here that extrachromosomal, plasmid cDNA could restore functional dystrophin expression in myotubes. Furthermore, mdx myotubes from dishes that had been transfected with pRSVDy and later showed cultured dystrophic muscle cells. This restoration was evidenced by immunostaining and the reversal of a demdystrophin immunostaining had resting [Ca 2+ ] i levels that were significantly lower than mdx myotubes from dishes onstrated physiological sequela of the lack of dystrophin, ie increased membrane calcium permeability. We thus of the same cultures that were not transfected (Figure 2) . Restoration of dystrophin expression therefore improved extend our earlier results from myoblast fusion and transgenic mice, 24, 25 and show that liposome-mediated transintracellular calcium regulation in originally dystrophic muscle cells.
fection of a cDNA copy of the dystrophin gene directly into established dystrophic muscle cell cultures also lowSingle channel recordings from the myotubes of pRSVDy-transfected mdx cultures were also performed ers both the resting [Ca 2+ ] i and the leak channel open probability to near-normal levels. This complements the and compared with channels from normal and untransfected mdx myotubes. The mean open probability (P o ) of finding that mdx muscle injected with a similar plasmid contains myofibers that show sub-sarcolemmal dystrocalcium leak channels, ie the fraction of time spent in the open, conducting state, was 0.010 ± 0.003 (mean ± s.e.m.) phin expression and increased survival. 21, 22 It is conceivable that the process of lipofection itself for dystrophin-positive mdx myotubes which was significantly lower than that for untransfected mdx could affect the permeability of the sarcolemma to calcium. This seems unlikely to us because the assays for myotubes (0.074 ± 0.027, P Ͻ 0.01, Mann-Whitney U test) 
